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Abstract
The work addresses physical simulation and dilatometric study of one-step and double-step heat treatments of medium-Mn 
steel designed for automotive sheets. The conventional one-step isothermal bainitic transformation was applied as the refer-
ence heat treatment. The newly implemented heat treatment consisted of isothermal holding in a bainitic region followed 
by additional holding of the material at reduced temperature also in the bainitic range. This step was added to refine the 
microstructure, which led to the stabilization of the retained austenite. Calculations of equilibrium state and non-equilibrium 
cooling and simulations of the developed thermal cycles were performed using the thermodynamic JMatPro software. The 
physical simulations of the heat treatment were performed in the dilatometer. The obtained samples were subjected to micro-
scopic observations using light and SEM microscopy. One- and two-step heat treatments allowed to obtain bainitic structures 
with high contents of retained austenite. Lowering the temperature of one-step isothermal holding resulted in the bainite 
refinement and adjacent retained austenite. The increased Mn content in steel increased its susceptibility to form coalesced 
bainite resulting in the partial formation of thicker plates despite a decrease in a process temperature.
Keywords Dilatometric study · Medium-Mn sheet steel · Complex microstructure · Bainitic transformation · Retained 
austenite
1 Introduction
Medium-manganese sheet steels containing 3–12 wt% Mn 
and belonging to the third generation of AHSS (Advanced 
High Strength Steels) are currently very popular among 
researchers and industry due to the combination of high 
strength properties and relatively good plasticity. There 
are several variants of heat treatment for these steels: inter-
critical annealing after cold rolling [1] or hot rolling [2], 
and isothermal holding in a bainitic region [3].The goal of 
each is to obtain a large fraction of retained austenite in the 
structure characterized by optimal thermal and mechanical 
stabilities. To do this, it is necessary to enrich the austenite 
with stabilizing elements—carbon and manganese—thanks 
to which the  Msγ (martensite start) temperature is reduced 
and thus there is no martensitic transformation during the 
steel cooling to room temperature. Retained austenite as a 
metastable phase [4] increases the work-hardening rate and 
plasticity at the same time due to the TRIP (Transformation 
Induced Plasticity) effect [5]. This effect is based on the 
tendency of the metastable austenite to undergo the strain-
induced martensitic transformation.
Depending on the strength requirements of medium-Mn 
steels, different complex structures can be obtained using 
appropriate heat treatments. In general, the so-called inter-
critical annealing [6] can be applied for cold-rolled sheets 
[7], whereas thermomechanical processing is used for hot-
rolled sheets [8]. The intercritical annealing is carried out in 
the α + γ area following the cold rolling of steel sheets [9]. 
During annealing at 650–720 °C (depending on a chemical 
composition) the γ phase is formed upon heating as a result 
of the austenite reverse transformation (ART) from room-
temperature martensite. The austenite is enriched in carbon 
from the ferrite being the second microstructural constituent. 
For sufficiently long times, the additional manganese enrich-
ment of the γ phase can take place [10]. The chemically 
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stabilized austenite maintains its thermal stability to room 
temperature during successive one-step cooling form the 
intercritical temperature range [11].
The treatment applied for the hot-rolled products utilizes 
the isothermal bainitic transformation to stabilize retained 
austenite. The enrichment carbon of the austenite is due to 
its redistribution right after the formation of new bainitic fer-
rite plate [12]. However, austenite stability does not depend 
only on its chemical composition (chemical stabilization) but 
also on a grain size and a morphology of structural constitu-
ents (mechanical stabilization). Along with the reduction of 
austenite grain size, its stability increases significantly [13].
Previous studies conducted on bainitic steels showed that 
it is possible to significantly improve their strength-plasticity 
balance due to isothermal bainitic transformation at low tem-
peratures [14]. The mentioned heat treatments allow for the 
production of fine-grained bainitic plates [15] and carbon-
enriched retained austenite [16]. It has been proved that as 
the size of the bainitic plate decreases the retained austenite 
distributed between them is also subjected to some refine-
ment [17]. Hence, the further increase in strength properties 
of all microstructural constituents can be expected [18]. The 
lowering the bainitic transformation temperature introduces 
also compressive stresses into the retained austenite [19]. 
This phenomenon increases the stability of retained austenite 
[20].
The factor conditioning the performance of isothermal 
bainitic transformation at reduced temperature is the content 
of C in steel. It is a critical element having a direct impact on 
bainite and martensite temperatures,  Bs and  Ms respectively. 
Currently, there is a tendency to limit the carbon content 
due to its negative impact on the weldability of steel sheets 
increasing the risk of material cracking in the heat-affected 
zone [21]. Usually, the  Ms temperature is not low enough to 
obtain an ultrafine-grained structure in low-C steels. Thus, 
the partial ferrite formation during intercritical anneal-
ing results in a further austenite enrichment in carbon and 
reduces its  Msγ temperature sufficiently to be able to perform 
the next stage of isothermal bainitic heat treatment at a lower 
temperature [22]. This method has already been used in fer-
rite-based TRIP steels [23]. Another interesting method has 
been proposed by Long et al. [24]. This method consists in a 
double-step isothermal treatment in the bainitic area, T < Bs. 
During the first step, there is a partial bainitic transforma-
tion, which results in carbon enrichment of the remaining 
part of the austenite from the bainitic ferrite plates, resulting 
in a reduction of the  Msγ temperature. Thanks to this, it is 
possible to decrease even more the holding temperature in 
the second transformation step without starting the marten-
sitic transformation [25]. The final result is the formation 
of a second finer fraction of bainitic ferrite plates with the 
consequent refinement of the remaining austenite, which is 
further enriched in carbon. The final microstructure consists 
of bainitic ferrite with two different plate sizes and layers of 
strongly enriched in C retained austenite [26].
Soliman et al. [27] proved that the use of two-stage iso-
thermal treatment in the bainitic area leads to a significant 
refinement of bainitic plates and thus increases the strength 
properties of low-C multiphase steels containing 0.26% C. 
Wang et al. [28] and Mousalou et al. [29] by performing the 
multi-step isothermal treatment reported a decrease in the 
thickness of bainitic plates along with a decrease in the test 
temperature, and thus an improvement in plastic properties 
of the material. The two-step holding was also performed for 
TRIP steels indicating the higher susceptibility of medium-C 
than low-C steels to this type of treatment [30].
Other studies on TRIP steels also indicated the impact of 
the double-step treatment on a change in the morphology of 
retained austenite. Sugimoto et al. [31] reported that mar-
tensitic transformation of blocky grains of retained austenite 
during hole-punching of steel sheets resulted in their worse 
stretch flangeability. The change of the blocky morphology 
of austenite to the film-like resulted in improving its stabil-
ity and formability of punched sheet edges [32]. Moreover, 
the hard bainitic ferrite plates adjacent to the austenite films 
create the hydrostatic pressure counteracting the martensitic 
transformation. This results in the decrease of  Msγ tempera-
ture and stabilizes further the retained austenite [33]. A lack 
of the blocky grains and resulting good stretch-flangeability 
are present for isothermal bainitic holdings below 400 °C 
[34].
Previous studies on double-step heat treatment have usu-
ally concerned conventional TRIP-aided bainitic steels. Due 
to the wide interest and development of medium-manganese 
steels and the constant requirement to improve the formabil-
ity of multiphase steel sheets, the aim of the current study 
was to design the one-step and two-step bainitic isothermal 
treatments in order to determine the impact of the treatments 
on the phase transformation behavior and microstructural 
features of novel lean medium-Mn steel with an increased 
aluminum content.
2  Experimental procedure
The studied medium-Mn steel has the nominal composi-
tion of 3.3 wt.% Mn, 0.17 wt.% C, 1.6 wt.% Al, 0.23 wt.% 
Mo and 0.22 wt.% Si. The cast material with dimensions of 
⌀124 mm × 200 mm was forged in the temperature range 
of 1200–900 °C to the final width 160 mm and a thickness 
of 22 mm as described in our previous study [35]. Then, 
dilatometric samples with dimensions ⌀4 mm × 10 mm were 
cut out from the wrought material according to the recom-
mendations of the test equipment manufacturer. Thermo-
dynamic calculations using the JMatPro software [36] with 
the implemented database ver. 11.2 General Steels Module 
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have allowed to design the intended heat treatment cycles. 
For this purpose, calculations under equilibrium and non-
equilibrium conditions were performed. A simulation of the 
thermal cycles was also performed to analyze phase transfor-
mations and amounts of the phases formed in the steel. The 
purpose of this procedure was to compare computational and 
experimental results.
The steel samples were heat treated in one- and double-
step cycles (Fig. 1), with both beginning with the sample 
austenitization at 1100 °C for 300 s followed by cooling the 
material to the isothermal holding temperature. In the case of 
one-step heat treatment, the isothermal hold was performed 
for 900 s in two temperature variants: 400 and 350 °C, fol-
lowed by cooling to room temperature. The double-step heat 
treatment consisted of holding the material at 400 °C fol-
lowed by a temperature reduction to 350 °C. In this case, 
two time variants were used (Table 1) corresponding to the 
mentioned temperatures: 240 s/660 s and 120 s/780 s. The 
total time of the isothermal treatment in all variants was 
always equal to 900 s. The temperatures and times have been 
selected on the basis of thermodynamic calculations.
The designed heat treatment cycles were experimentally 
simulated in a BAHR high-resolution DIL805A/D dilato-
meter. The investigation and analysis of dilatograms and 
determination of critical temperatures were made accord-
ing to ASTM A1033-04 [37]. The heating of samples was 
performed by an induction system and the temperature was 
controlled by a K-type thermocouple welded to the center of 
the specimen. The tests were performed in vacuum; helium 
cooling was applied. The microstructures were subjected to 
light microscopy (LM) using the Zeiss AxioObserver. For 
more accurate analysis of morphological details, the scan-
ning electron microscopy (SEM) was performed using the 
Zeiss SUPRA 35, which allows observations at much higher 
magnifications and resolutions. The samples for the micro-
scopic examination were cut in the center, perpendicular to 
their length, mechanically ground with SiC paper up to 2000 
grid, mechanical polished and etched in 2% Nital accord-
ing to standard metallographic procedures. The material 
hardness was measured by the Vickers method using the 
Microhardness Tester FB-700. During the test, a 100 N load 
was applied. Three measurements were performed for each 
sample, from which the mean value and standard deviation 
were calculated.
3  Results
3.1  Theoretical calculations
To estimate the optimal heat treatment parameters, ther-
modynamic calculations by means of JMatPro software 
were used. Figure 2 shows the phase evolution under 
Fig. 1  Schematic diagrams of heat treatments performed during the 
tests; a One-step heat treatment; b Double-step heat treatment
Table 1  Temperature–time characteristics of the heat treatment cycles applied
Variant Heat treatment Austenitization 1st Isothermal step 2nd Isothermal step
Temperature, °C Temperature, 
°C
Time, s Temperature, °C Time, s
400 °C-900 s One-step 1100 400 900 Not applicable
350 °C-900 s 350 900
400 °C-240 s/350 °C-660 s Double-step 1100 400 240 350 660
400 °C-120 s/350 °C-780 s 400 120 350 780
 Archives of Civil and Mechanical Engineering          (2020) 20:136 
1 3
 136  Page 4 of 11
equilibrium conditions. The calculations indicate that the 
microstructure is 100% γ in the temperature range from 
1430 to 950 °C. Below this temperature, ferritic transfor-
mation begins, which reaches its maximum at a tempera-
ture of 630 °C. Therefore, the  Ac3 temperature is ~ 970 °C 
and  Ac1 ~ 630  °C. Moreover, one can see that below 
700 °C, the formation of carbides takes place, which can 
affect the binding of carbon, needed to stabilize the aus-
tenite. The enlargement of a fragment of the graph in 
Fig. 2 shows that  M7C3 formation begins at a temperature 
of ca. 680 °C. But at 220 °C, formation of  M23C6 and a 
small amount of  M6C phase seems more plausible. The 
thermodynamic analysis indicates that in the studied steel, 
the use of an annealing temperature 1100 °C is sufficient 
to obtain the intended full austenitization. This value is 
also consistent with the technological processes used in 
the industry.
Figure 3a, b shows CCT (Continuous Cooling Trans-
formation) and TTT (Temperature Time Transformation) 
plots calculated for non-equilibrium conditions, respec-
tively. The  Ac1 temperature (692 °C) shown at Fig. 3a is 
clearly higher than the one obtained under the equilibrium 
calculations: 630 °C. The reason for this is the diffusion 
that cannot keep up at high heating rates [38]. The calcu-
lated  Ms temperature is ca. 371 °C. According to the CCT 
graph, the cooling rate of 60 °C/s is enough to ensure that 
no transformation occurs during cooling to 400 °C. The 
TTT diagram shows that bainitic transformation should 
begin almost immediately after reaching 400 °C and end 
after about 300 s (Fig. 3b).
In case of 350 °C, temperature, some potential mar-
tensite formation is predicted as it is below the  Ms tem-
perature. However, the start of isothermal holding step 
will stop this process allowing the bainitic transformation 
to take place. The presented calculations were used to 
develop the applied heat treatment cycles.
3.2  Dilatometric results of one‑step isothermal 
holding
The first heat treatment was bainitic isothermal holding 
implemented in two temperature variants (400 °C-900 s and 
Fig. 2  Phase evolution diagrams of the steel under equilibrium conditions: a Full temperature range; b a magnified part of the diagram
Fig. 3  Non-equilibrium diagrams for steel austenitized at 1100 °C: a 
CCT diagram; b TTT diagram
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350 °C-900 s). Dilatometric results (Fig. 4a) indicate that 
for the investigated steel the  Ac1 and  Ac3 temperatures are 
740 °C and 1020 °C, respectively. The repeatability of meas-
urements is very good as indicated by almost perfectly over-
lapping dilatometric curves. During cooling the material to 
the isothermal temperature, at 60 °C/s (Fig. 4b), no transfor-
mation occurs at 400 °C, whereas at 350 °C, as expected, a 
clear increase in the relative change in length (RCL) of about 
0.2% indicates that austenite has crossed the  Ms temperature. 
The relative change in length (RCL) during the isothermal 
step in Fig. 4c indicates that in both cases bainitic transfor-
mation occurs. The sample processed at 350 °C shows very 
step initiation of the bainitic transformation caused by the 
presence of the prior-formed martensite [39]. At the higher 
temperature, the RCL of the sample during this transfor-
mation, lasting about 350 s, increased up to 0.55%, which 
is almost two times higher than that measured at 350 °C: 
0.27% at completion of transformation after 290 s. This is 
consistent with the fact that when earlier partial martensi-
tic transformation has occurred, it decreases the amount of 
austenite available for bainitic transformation. The last stage 
(Fig. 4d), showing cooling of the generated microstructures 
to room temperature, did not record any transformation. 
This indicates that the remaining austenite was sufficiently 
C-enriched to remain stable at room temperature showing 
its high chemical stability.
In agreement with the presented dilatometric results, light 
microscopic images (Fig. 5a, c) of both samples confirmed 
the presence of bainitic ferrite and retained austenite in the 
microstructures. For the sample treated at 400 °C, the micro-
structure is composed of fine laths of bainite and interlath 
retained austenite (Fig. 5b). In case of the sample held at 
350 °C, the structure contains also a small fraction of tem-
pered martensite and coalesced bainite. The formation of 
martensite was indicated by a dilatometric curve depicting 
cooling to the holding temperature (Fig. 4b). Interestingly, 
many of the bainitic ferrite plates are thicker (Fig. 5c) com-
pared to the ones at 400 °C. This is a result of coalescence 
of the individual bainite plates and the fragmentation of the 
austenite laths [40], which is typical in medium-Mn steels 
processed below ca. 400 °C [2]. The coalescence process is 
visible in Fig. 5d, where a mixture of decomposed M-A con-
stituents and carbides are located inside thick bainite laths.
3.3  Dilatometric results of double‑step isothermal 
holding
The purpose of the second heat treatment method (Fig. 1b) 
was to refine the bainite and residual austenite grains, and 
thus increase the mechanical and chemical stabilization of 
the latter. The times of the first step were selected assuming 
Fig. 4  Dilatometric curves of steel registered during the one-step heat treatment (a) heating and cooling throughout the entire heat treatment 
cycle; b cooling to isothermal holding temperature; c isothermal step; d cooling to room temperature
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a partial bainitic transformation. From Fig. 6c, it is clear 
that 240 s (variant.
400  °C-240  s/350  °C-660  s) or 120  s (variant 
400 °C-120 s/350 °C-780 s) are enough to complete the 
transformation in 80–90% and 70–80%, for the 240 s and 
120 s holdings at 400 °C, respectively. It should allow for 
further bainite formation at a lower temperature after the 
initial stabilization of austenite.
The 400 °C-240 s/350 °C-660 s sample does not show 
any transformation during cooling (Fig. 6b), whereas the 
dilatometric curve of the 400 °C-120 s/350 °C-780 s sample 
indicates the start of the phase transformation during cooling 
at 452 °C (Fig. 6b). As in the case of the one-step variant, 
this indicates that the martensitic transformation has begun 
after reaching the  Ms temperature. This demonstrates that 
the sample showed a higher  Ms temperature compared to 
the designed one (400 °C). This is due to the propensity of 
high-Mn forged steels to develop segregation bands [35], 
which alter phase transformation temperatures and kinet-
ics. In this sense, and due to their small size, dilatometric 
samples are very susceptible to show very diferent dilato-
metric behaviours for the same heat treatment [41]. See for 
example Fig. 6a, where the behaviour during heating to the 
austenitisation temperatures in both samples do not overlap.
The graph in Fig. 6c shows the first step of isother-
mal holding (400 °C). As in the case of one-step sample 
treated at 350 °C, after a partial martensitic transformation 
in the 400 °C-120 s/350 °C-780 s sample there is much 
more intense start of bainitic transformation compared to 
the 400 °C-240 s/350 °C-660 s sample. The martensite 
formed during cooling limited the extent of the bainitic 
transformation (RCL lower by approx. 0.1% compared to a 
350 °C-900 s sample after the same time—120 s). In both 
cases, the curve indicates that the bainitic transformation 
is not completed, especially for the first step time equal to 
120 s. The RCL during cooling between isothermal steps 
(Fig. 6d) shows the absence of phase transformations, which 
indicates a decrease in the  Msγ. The second step of isother-
mal holding (Fig. 6e) occurring at 350 °C indicates that 
in both cases, there is further bainitic transformation. Its 
intensity was much lower as evidenced by about ten times 
lower RCL compared to the first step. This means that a 
lower amount of bainite was formed during this step pre-
sumably due to the remaining, small amount of austenite 
capable for the transformation. However, it can be seen that 
the 400 °C-120 s/350 °C-780 s sample has a RCL two times 
higher than that of the 400 °C-240 s/350 °C-660 s sample 
after approx. 600 s, which is consistent with the fact that 
more austenite is available for transformation in the second 
isothermal treatment in the former than in the latter case. 
Also in this case, the curves show that the transformation is 
not completed, as neither of both curves in Fig. 6e seem to 
reach a steady state. The graph showing the cooling stage 
(Fig. 6f) has not registered the start of the martensitic trans-
formation. This means that the austenite remaining after the 
bainitic transformation has been stabilized.
The micrographs of two-step processed samples are 
shown in Fig. 7. The microstructure of the sample held 
Fig. 5  Microstructures of steel 
after one-step isothermal heat 
treatment: a 400 °C (LM), b 
400 °C (SEM), c 350 °C (LM), 
d 350 °C (SEM); γr retained 
austenite, αb bainite, αcb coa-
lesced bainite
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within 240 s during the first step at 400 °C comprises bai-
nitic laths with embedded retained austenite (Fig. 7a, b), and 
its appearance is very similar to that obtained in one-step 
treatment performed at 400 °C, Fig. 5a, b, supporting the 
dilatometric observation that the bainitic transformation was 
almost finished during the first holding (Fig. 6c). The more 
heterogenous microstructure revealed in the sample held 
120 s during the first step, which shows numerous coalesced 
thick bainite plates, formed during the second step at 350 °C, 
embedded among the fine plates formed at 400 °C (Fig. 7c). 
The higher magnification micrograph (Fig. 7d) reveals the 
complex microstructure of the 400 °C-120 s/350 °C-780 s 
sample. Some of the bainitic plates are plate-like, whereas 
some others have a more granular shape. This is an indica-
tive of the different conditions for bainitic transformation 
due to the mentioned segregation. In addition to the typical 
bainitic plates and coalesced bainite some small fraction of 
very fine bainitic plates (αb) can be also visible in Fig. 7d. 
This fraction is presumably formed at a final stage of the 
second holding at 350 °C without enough time to be merged 
to the coalesced bainite.
3.4  Hardness
The average hardness value for a sample treated at one-step 
400 °C was 367 ± 1 HV, whereas for the sample heat-treated 
at 350 °C, it was 372 ± 3 HV (Fig. 8). The small increase in 
hardness of the material processed at the lower temperature 
is caused by the combination of both, a finer bainitic ferrite 
and the presence of some fraction of tempered martensite 
Fig. 6  Dilatometric curves of steel registered during double-step heat 
treatment: a heating and cooling throughout the entire heat treatment 
cycle; b cooling to isothermal holding temperature; c 1st isothermal 
step; d cooling to the 2nd step; e 2nd isothermal step; f cooling to 
room temperature
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in the microstructure. The hardness relationship is iden-
tical for heat treated samples in a two-stage process. The 
400 °C-240 s/350 °C-660 s sample shows a hardness similar 
to the 400 °C-900 s sample. It is caused by the transforma-
tion of a significant part of bainite in the first stage of iso-
thermal treatment, causing a weak effect of bainite obtained 
in the second stage on the increase of hardness. In the case 
of the 400 °C-120 s/350 °C-780 s sample, the situation is 
similar, but the initial martensitic transformation results in 
a hardness similar to the 350 °C-900 s sample.
4  Discussion
The idea of austenite stabilization during the applied heat 
treatment (isothermal bainitic transformation) was its effec-
tive enrichment in carbon. This is possible due to the struc-
tural nature of bainite. This phase contains bainitic ferrite 
plates with a small carbon content, whereas the excess 
carbon forms carbides in the conventional upper or lower 
bainite. The use of the additions of Al and Si [42] affects 
the inhibition of the carbide formation. Thanks to this, the 
excess carbon during the isothermal holding step can be 
distributed into the remaining austenite lowering its  Msγ 
temperature [43].
The results confirmed the propensity of the medium-Mn 
steel to the segregation of alloying elements described by 
Grajcar et al. [44] leading to some variations in the  Ms tem-
perature. This is visible in Fig. 9, which presents the LM 
microstructure of the one-step 350 °C-900 s sample after the 
heat treatment. There are bands in the direction indicated by 
the arrow. According to Grajcar et al. [35], the difference of 
chemical composition (Mn and Al) in steel can lead to the 
variation of the  Ms temperature of steel in the range from 
378 to 434 °C. This explains why in case of the double-step 
heat treatment the martensitic transformation is present dur-
ing the cooling step to 400 °C (Fig. 4b). According to the 
calculations performed for the Al and Mn contents in steel 
corresponding to the highest  Ms temperature (Fig. 10), the 
formation of martensite is possible and the amount of it is 
approx. 7%.
For the one-step heat treatment at 350 °C, the JMatPro 
calculations (Fig. 11) show that the amount of martensite 
formed during cooling to 350 °C is approx. 35%. The for-
mation of the martensite accelerates the bainite formation 
Fig. 7  Microstructures 
of steel after double-step 








(SEM); γr retained austenite, αb 
bainite, αb’ refined bainite, αcb 
coalesced bainite
Fig. 8  Hardness results for one-step and double-step heat treatments
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during the isothermal holding as presented in Figs. 4c and 
6c. 
In both cases, crossing  Ms temperature during cooling led 
to similar results like in previous studies [45, 46] regarding 
the impact of prior martensite on the kinetics of bainitic 
transformation. This is due to the increase in the number 
of nucleation sites and the intensification of the bainite 
nucleation rate through the formed martensitic laths. It also 
affects the shortening of the incubation and completion times 
of bainitic transformation. In double-step heat treatment, the 
application of the first step of isothermal holding allowed for 
the partial stabilization of austenite, and thus a decrease in 
the temperature of bainitic transformation without entering 
the martensitic region. This made it possible to perform the 
treatment at a temperature lower than the initial  Ms of steel, 
which was the main aim of the study. The results have also 
shown that along with the decrease in the isothermal tem-
perature from 400 °C to 350 °C, the bainitic transformation 
is characterized by the lower dynamics generating less signal 
of the processed sample.
Thermodynamic calculations determined the duration of 
bainitic transformation at 400 °C for 300 s. The dilatometric 
curve of the 400 °C-900 s sample reaches a plateau after 
approx. 340 s (Fig. 6c), which indicates the end of this trans-
formation. At the same time, the relative change in length of 
the sample at the end of the bainitic transformation is about 
0.55%. In the case of the 400 °C-240 s/350 °C-660 s sam-
ple, it reached a relative change in length of approx. 0.5% 
at the end of the first isothermal step (Fig. 6c). This shows 
that the bainitic transformation has almost been completed, 
which limits the possibility of bainitic transformation in the 
second stage.
The dilatometric curve for the 400 °C-120 s/350 °C-780 s 
sample is disturbed by earlier martensitic transformation. 
This makes it impossible to directly compare both curves. 
However, smaller RCL (0.45%) indicates that the bainitic 
transformation at this step occurred to a less extent, allow-
ing more transformation in the second step. Note that in that 
step, the RCL (Fig. 6e) is almost three times higher in the 
400 °C-120 s/350 °C-780 s sample when compared to the 
400 °C-240 s/350 °C-660 s sample.
In both cases, during cooling to the second step (Fig. 6d), 
there was no martensitic transformation, which indicates a 
partial stabilization of austenite. To sum up, apart from the 
earlier martensitic transformation, the shorter time of the 
first isothermal step (sufficient for austenite stabilization) 
influenced the increase in the intensity of bainitic transfor-
mation in the second step. This is caused by the retention of 
a larger austenite fraction to the second step of the treatment. 
The small amount of bainite obtained in the second stage 
means that it would be beneficial to further shorten the first 
isothermal stage.
The analysis of microscopic images of samples indi-
cates that the decrease in isothermal holding temperature 
resulted in a decrease in the overall size of bainitic struc-
tures. However, at 350 °C, thick coalesced bainite is also 
identified, which is in agreement with observations in [47]. 
Coalesced bainite is believed to be the result of the joining 
of bainitic plates with the same crystallographic orienta-
tion [48]. This is possible due to an increased driving force 
Fig. 9  Microsegregation bands in the microstructure of the steel after 
heat treatment at 350 °C for 900 s
Fig. 10  Calculations of the phase transformation using the JMatPro 
simulating the composition with the highest Al and lowest Mn con-
tents
Fig. 11  Calculations of the phase transformation using the JMatPro 
simulating the one-step heat treatment at 350 °C
 Archives of Civil and Mechanical Engineering          (2020) 20:136 
1 3
 136  Page 10 of 11
of bainitic transformation at this temperature and the slow 
partitioning of carbon from supersaturated ferrite to aus-
tenite. Thin austenite films, previously separating bainitic 
plates, are eliminated in the coalescence process, which 
is only possible when a very high driving force and low 
transformation temperatures are available [49]. Research 
to date indicates the susceptibility of high-strength steels 
with Mn above 2% to form coalesced bainite [47].
5  Conclusions
The work concerned a detailed study of the physical simu-
lation and dilatometric study of double-step heat treatment 
of the 3.3 wt.% Mn, 0.17 wt.% C, 1.6 wt.% Al, 0.23 wt.% 
Mo and 0.22 wt.% Si medium-Mn steel. Calculations of 
equilibrium and non-equilibrium cooling and simulations 
of the developed thermal cycles were performed. The 
physical simulations of the one-step and novel two-step 
heat treatments were performed in the dilatometer. Micro-
structural characterization was performed to be linked 
with the dilatometric analysis. The main findings of the 
present study are as follows:
• Both one-step and two-step heat treatments at 400 °C, 
350 °C and 400/350 °C allowed to obtain a bainitic 
structure with a high fraction of residual austenite;
• Lowering the temperature of one-step isothermal hold-
ing allows the bainite refinement and thus adjacent 
retained austenite;
• The increased Mn content in steel increases its sus-
ceptibility to form coalesced bainite resulting in the 
partial formation of thicker plates despite a decrease 
in a process temperature from 400 to 350 °C;
• The initiation of martensitic transformation signifi-
cantly accelerates and increases the intensity of bainitic 
transformation;
• The higher fraction of low-temperature bainite pro-
duced during the second step of the treatment at 350 °C 
was produced for the earlier holding at 400 °C within 
120 s. This was due to the high rate of bainitic transfor-
mation at 400 °C. The holding within 240 s at 400 °C 
during the first step of the double-step treatment pro-
duces microstructures very similar to those obtained 
during one-step treatment at 400 °C due to the fast 
kinetics of bainitic transformation.
• The samples produced in all variants of the heat treat-
ments show the similar hardness at a level of 370 HV.
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